In the present study a combination of a novel coalescing oil water separator (COWS) and electrocoagulation (EC) technique was used for treatment of petroleum product contaminated groundwater. In the first phase, COWS was used as the primary treatment. Two different types of coalescing media and two levels of flow rates were examined in order to find the optimum conditions. The effluent of COWS was collected in optimum conditions and was treated using an EC process in the second phase of the research. In this phase, preliminary experiments were conducted in order to investigate the effect of EC reaction time and sedimentation time on chemical oxygen demand (COD) removal efficiency. Best conditions for EC reaction time and sedimentation time were obtained to be 5 min and 30 min, respectively. Response surface methodology was applied to evaluate the effect of initial pH, current density and aeration rate on settling velocity (V s ) and effluent COD. The optimum conditions, for achieving maximum values of V s as well as the values of effluent COD, in the range of results were obtained at conditions of 7, 34 mA·cm À2 and 1.5 L·min À1 for initial pH, current density and aeration rate, respectively.
INTRODUCTION
Groundwater is the world's readily available source of freshwater and has an essential role to play in agriculture and the health of ecosystems. However depletion of groundwater resources, as well as their contamination, is increasing in both developed and developing countries and has had numerous socio-economic impacts (Gleeson et al. ) .
Various types of human activities can result in groundwater being contaminated. Groundwater contamination with hydrocarbon products could occur in the vicinity of oil refineries, petrochemical complexes, filling stations, distribution depots, airports, metal working industries, paints industries, etc.
Applying a method for treatment of oily-hydrocarbon contaminated water depends on the form of oil in the polluted water. Oil which exists in polluted water can be in different forms of free, dispersed, chemically emulsified, molecularly dissolved and solubilized and oil-coated suspended solids (Osamor & Ahlert ) . Since oil products are considered to be high value-added, it is important that they be recovered using physical treatments. Various types of gravity oil separators can be used in separation and removal of free oils (Wang et al. ) . American Petroleum Institute (API), corrugated plate interceptor (CPI), tilted plate interceptor (TPI) and coalescing oil water separators are the common types of oil water separators being applied in industry (White ) . API separators require large space and are able to remove particles larger than 150 μm (Stephenson & Blackburn ) . To increase the efficiency of separation, the CPI and TPI separators were developed for removal of oil particles larger than 60 μm (Deng et al. ) . The coalescing oil water separator (COWS) is another type of separator, which contains coalescing media. The common coalescing media are usually made of hydrophobic polypropylene (Deng et al. ) .
The basic principle governing the oil water separation is Stokes' law (Equation (1)), which is applicable to the rate of rise of oil globules in water.
where v is the rate of rise of an oil globule, g is acceleration due to gravity, d p is diameter of an oil globule, ρ w and ρ o are densities of the aqueous phase and oil, respectively and μ is the absolute viscosity of the aqueous phase. In a COWS, the coalescing media provide a suitable surface for oil droplets to coalesce into larger droplets, which results in increasing the buoyancy of the droplets. This is reflected in the known rise time for a given size of oil droplet. For certain oil droplets, the removal efficiency (η) is given as Equation (2) 
( 2) where Q is the flux and A r is the coalescence area. Commonly, primary treatments rely on physical separation, which is not able to make the polluted water characteristics meet the required standards for irrigation but it could reduce the size of secondary treatment units, which results in reduction of both fixed and operating costs. The secondary treatment should be applied to remove the dissolved pollutants. In previous literature, several methods were applied in treatment of contaminated groundwater, such as biodegradation (Mazzeo et al. ) , adsorption on activated carbon (Ayotamuno et al. ) , membrane processes (Ghidossi et al. ) and advanced oxidation (Mascolo et al. ) . Electrocoagulation (EC) is another method with various advantages which make this process an interesting approach to water and wastewater treatment. The ability to remove various types of pollutants, even in presence of the smallest colloidal particles, less chemical additives required and less maintenance are some of these advantages (Benito et al. ) .
In EC reactors anode electrodes consume and produce metal ions. Equations (3)-(5) indicate the reactions for aluminum (Al) electrodes.
At the anode:
At the cathode, depending on pH the following reactions occur:
These metal ions are hydrolyzed immediately and turn into polymeric aluminums. Finally polymeric hydroxides are produced, which are very effective coagulants (Bensadok et al. ) and promote the formation of flocs. As a result of these reactions, non-sedimentable particulate matters and dissolved organic compounds transform into coagulated sedimentable particles which should be then separated by settling process. Therefore the settling process is very important for scaling up a clarifier-thickener and dewatering unit of an EC plant (Zodi et al. ) . Settling velocity (V s ) and sludge volume index are two important parameters to evaluate the settelability characteristics of a process. There are few studies on sedimentation performance of EC (Zodi et al. ) .
In order to find the effect of treatment on final quality of treated samples, several parameters could be measured. Rathnayake & Tanyimboh () used effluent quality index as a single measure to evaluate the pollution load, which is a combination of five important water quality parameters: total suspended solids (TSS), chemical oxygen demand (COD), 5day biochemical oxygen demand, total Kjeldahl nitrogen and nitrates. In other works COD (Bensadok et (Chavalparit & Ongwandee ) were mostly used to measure the effluent quality. In the present work, COD was chosen as the parameter to investigate the effect of the novel treatment method on final quality of treated groundwater.
In this study, a combination of a COWS and an EC method using Al electrodes was used to treat petroleum compound contaminated groundwater. In the first stage, a COWS was used to reduce the oil content of contaminated groundwater measured by COD.
In the second phase, the effect of EC reaction time on COD removal efficiency was investigated. Response surface methodology (RSM) was used to determine the influence of pH, current density and aeration rate on V s and effluent COD at constant EC reaction time.
MATERIAL AND METHODS

Sample and its characteristics
The sample was collected from groundwater located in the vicinity of Tehran oil refinery in the south of Tehran, Iran (Figure 1 ). The main characteristics of the sample are given in Table 1 .
Experimental set-up and method
Coalescing oil water separator
The influent was pumped from the well into a 3,000 L storage tank, then entered the device by the force of gravity. The flow rates were adjusted by using valves.
An oil water separator made of stainless steel 316 with the size of 2.73 m in length, 1.5 m in width and 1.2 m in height was applied, which is shown in Figure 2 . Two sections were considered for placing coalescing media inside the oil water separator. Two configurations of coalescing media, cubic and spherical (Figure 3 (a) and 3(b)), made from polypropylene were used as well. The media were provided from Fxsino Petrochemical Packing Co., China. The effective area of cubic and spherical coalescing media were 423 m 2 /m 3 and 145 m 2 /m 3 , respectively.
Two patterns were considered for locating coalescing media in the device. In pattern No. 1 the spherical coalescing media were located in both sections, while in pattern No. 2 the spherical and cubic coalescing media were located in the first and second section, respectively.
To investigate each run, the effluent was collected every 20 minutes, and then the COD was measured. This process was continued until the difference between CODs of the two samples was less than 5%, which would indicate that the state of the system was steady. In each run, COD of influent and effluent was measured, in steady state conditions. Each run was repeated twice.
COD measurement for each sample was conducted three times and the mean results are reported.
EC set-up
All the experiments were carried out in a monopolar batch reactor. The EC reactor consisted of a Plexiglas electrochemical cell with dimensions of 13 cm length; 8 cm width; 15 cm height and six aluminum electrodes with dimensions of 5 cm length; 8 cm width; 14 cm height. There was a 1 cm distance between the bottom of the cell and electrode plates where a stirrer bar was placed. The sample was stirred at 300 rpm.
The electrodes were connected to a digital DC power supply (0-30 V) (HYelec HY3020 DC power supply). The electrode gaps were set to be 10 mm. The volume of treated water was 1,000 cm 3 . The effective electrode area was 200 cm 2 . During the process, air was circulated by a HAILEA air compressor (90 L·min À1 ). When conditions were optimum, 40 L of effluent was collected from the COWS, which was then transferred immediately to the laboratory and kept at 4 W C.
After each experiment, electrodes and the cell were cleaned by acetone and then with distilled water. COD measurement was performed after 30 min and 12 hr sedimentation in the primary experiments and after 30 min sedimentation in the secondary experiments. NaOH or H 2 SO 4 was used to adjust the pH level. All experiments were conducted at room temperature (25 W C). To examine the effect of polyelectrolyte, 4 cc of K320 cationic polyelectrolyte, 0.1 w/w%, was added after EC process was completed and was mixed at 54 rpm for 20 minutes. The effect of EC reaction time on COD removal efficiency was investigated at constant current density of 25 mA·cm À2 and constant aeration rate of 3 L·min À1 on polluted groundwater with original pH of 7.2. All experiments were repeated twice.
Design of experiments
In the present work, a design of experiment was used to determine the optimum condition by evaluating the variables using RSM. RSM is a collection of statistical and mathematical techniques useful for developing, improving, and optimizing processes (Ölmez ) .
In this study, a Box-Behnken design (BBD) was used to find the optimum conditions. The BBD is an ideal tool for sequential experimentation and allows testing the lack of fit when an adequate number of experimental values are available. The effect of three parameters, pH (x 1 ), current density (x 2 ) and aeration rate (x 3 ), towards effluent COD (y 1 ) and V s (y 2 ) were investigated.
There are three parameters at three levels which were coded as follows:
where X i is the coded level; x i is original value, x cp is original value at centered point and Δx i is the value of the variable change step. The values of parameters were selected and coded as shown in Table 2 .
The experimental data were fitted to the quadratic model to obtain the predictive effects of parameters on V s and effluent COD as is given below:
where Y is the predicted response (effluent COD or V s ), b 0 is a model constant, b i (i ¼ 1, 2, 3 and 4) are linear coefficients, b ii (i ¼ 1, 2, 3, 4) are the cross-product coefficients and b ij (i ¼ 1, 2, 3, 4; j ¼ 1, 2, 3, 4) are quadratic coefficients. The model is reliable since the deviation of the experimental value from the predicted value is minimum. Design-Expert ® version 7.0.0 was used to design the experiments and evaluate the data.
Methods of analysis
COD was determined according to the APHA standard method (Rice et al. ) .
Removal efficiency (RE) was calculated as given below (Equation (8))
where X f and X i are the final and initial value of the desired parameter, respectively. The mean settling velocity is the ratio between the height of the column of wastewater and the initial wastewater volume after 15 min of settling and expressed as cm·min À1 . It is given by following expression (Dominguez et al. ):
where h 0 is the height of the initial column of wastewater in cm, V 0 the initial wastewater volume and the m is the slope of the plot of the volume beneath the interface (mL) versus the time (min). The turbidity (NTU) was analyzed using a Hach 2100N turbidity meter. The pH was measured by a Metrohm 
RESULTS AND DISCUSSION
Oil water separator efficiency
Investigation of free oil removal efficiency in oil water separator
Polluted groundwater with flow rate of 1 m 3 ·hr À1 passed through the oil water separator in which pattern No. 1 and No. 2 were applied. Particle size distribution of inlet and outlet flow was measured. The results are shown in Figure 4 (a) and 4(b) and Figure 5 (a) and 5(b). For pattern No. 1, the results indicated that the volume weighted mean of particle size decreased from 46 μm at the inlet flow to 8.7 μm at the outlet flow. Also more than 83% of particles with sizes above 20 μm were removed.
For pattern No. 2, the volume weighted mean of particle size was 673.89 μm, which decreased to 87.86 μm at the outlet. More than 38% of particles with sizes above 20 μm were removed. The results indicated that the efficiency of pattern No. 1 was more than pattern No. 2 for particle sizes above 20 μm. However, the volume weighted mean of particle size was decreased 87% using pattern No. 2 while the decrease was 81% for pattern No. 1. So to find the best pattern, the effect of influent flow rate on COD removal efficiency was investigated using two different layouts.
Effect of influent flow rate on COD removal efficiency in COWS
COD removal efficiencies at two inlet flow rates (1 and 1.6 m 3 ·hr À1 ) were measured, which are shown in Figure 6 . It is shown that by increasing the inlet flow rate to 1.6 m 3 ·hr À1 , COD removal efficiencies for both patterns were decreased significantly. According to Stokes' law and removal efficiency equations (Equations (1) and (2)), by increasing the flow rate, removal efficiency will decrease.
As is shown in Figure 6 , at constant flow rates of 1 m 3 ·hr À1 and 1.6 m 3 ·hr À1 pattern No. 2 is more efficient compared to pattern No. 1. This could be due to the higher coalescent area of pattern No. 2, as it has more effective area for coalescence of oil droplets. So it was concluded that by using pattern No. 2 and adjusting the flow rate to 1 m 3 ·hr À1 the best results were obtained, which can be considered as the best conditions for effective performance of COWS.
At the end of this stage, 40 L of sample which was treated at the best conditions was collected to be treated by EC process. The characteristics of effluent are given in Table 3 .
EC
Effect of EC time on COD removal efficiency
Effect of EC reaction time (5, 7 and 10 min) on COD removal efficiency after 30 minutes of sedimentation is shown in Figure 7 . It was observed that by increasing the EC reaction time, COD removal efficiencies were decreased. However, as was reported in previous studies, increasing the reaction time up to a specific level could lead to an increase in COD removal efficiency while after that COD removal efficiency remained constant (Tir & Moulai-Mostefa ; Chavalparit & Ongwandee ).
It was observed that 30 min sedimentation time was not sufficient to achieve a complete settling process for 7 min and 10 min EC reaction time, which is why the effect of sedimentation time on COD removal efficiency was also investigated. 
Effect of sedimentation time on COD removal efficiency
Effect of sedimentation time (30 min and 12 hr) on COD removal efficiency is illustrated in Figure 8 . As can be seen, by increasing the sedimentation time, COD removal efficiency for reaction time of 5 min shows no change, while for reaction times of 7 min and 10 min COD removal efficiencies were increased to 87.35% and 88.57% respectively.
Since adding polyelectrolyte has influence on the settling process (Zaharia et al. ), the effect of adding K320 polyelectrolyte on two sedimentation times, at all three reaction times, was investigated too. Figure 8 shows that by adding polyelectrolyte, COD removal efficiency at all reaction times increased after 30 min and 12 hr.
Specific electrical energy consumption
Cost is an important factor that greatly affects the application of any methods. The major operating cost in the EC process is electrical energy consumption. Specific electrical energy consumption (SEEC) is defined as the amount of organic load removed and was calculated by Equation (10).
where V is voltages in volts; I is current in amperes; t is time in hr and Q is volume of sample in liters. The results show (Figure 9 ) that EC process with reaction time of 5 min in which the polyelectrolyte was added in the sedimentation stage had the lowest SEEC of 34.36 kWh (kg COD removed) À1 . Adding polyelectrolyte resulted in a growth in COD removal efficiency and reduction of SEEC. As the cost and complexity of the process of adding polyelectrolyte was a consideration, we preferred to continue further experiments were carried out without adding polyelectrolyte. A 5-min reaction time and 30-min sedimentation time were chosen without adding polyelectrolyte as the tests were carried out.
Experimental design
The results of BBD experiments are listed in Table 4 . Effluent COD and V s were considered as responses. By using multiple regression analyses, the responses were correlated considering the three design factors using the second-order polynomial (Equations (11) and (12)). A full quadratic model was applied to experimental results of effluent COD (y 1 ) and V s (y 2 ). Then the models were analyzed by analysis of variance (ANOVA) to be verified. The model terms with 'Prob > F > 0.5' are statistically non-significant and can be reduced in the model. The model terms of x 2 2 and x 2 x 3 showed to be non-significant for effluent COD and V s , respectively, which is why were eliminated from the model and a new ANOVA was conducted for the new models. The reduced quadratic regression models are given by Equations (11) and (12) for effluent COD and V s , respectively. y 1 ¼ 39:95187 þ 3:74375 x 1 À 0:31925x 2 þ 1:78x 3 þ 0:027625x 1 x 2 À 0:58375x 1 x 3 À 0:04225x 2 x 3 À 0:31875x 2 1 þ 0:2463x 2 3 (11) y 2 ¼ À32:35696 þ 6:84414 x 1 þ 0:91341x 2 þ 0:39712x 3 À 0:033204x 1 x 2 À 0:022x 1 x 3 À 0:04225x 1 x 3 À 0:40279x 2 1 þ 9:66Ã10 À3 x 2 2 À 0:04731x 2 3 (12)
The 'Pred R-Squared' for effluent COD and Vs were found to be 0.9801 and 0.9957, respectively and the 'Adj R-Squared' were calculated to be 0.9907 and 0.9982, which are in a resoanable agreement with each other. Figures 10 and 11 present the response surface plots for estimation of effluent COD and V s over current density and pH at different aeration rates.
As can be observed from Figure 10 the term of aeration rate has the most significant effect on the value of effluent COD (F-value ¼ 1,034.667, sum of squares ¼ 181.2608). Other literature has also reported that as aeration was improved the removal efficiency was enhanced (Parga Figures 10 and 11 show that increasing the current density could lead to a decline in effluent COD whereas V s shows a growth. An increase in current density results in more coagulant dosage; thus more pollutants could be trapped and precipitated and thus bigger flocs were formed, which resulted in higher V s and more pollutant removal. (Nourouzi et al. ) .
As can be seen from Figure 11 (a) V s reaches its maximum value in a pH range of 6 to 8. This could be due to the fact that in this pH range the solubility of Al(OH) 3 is at its minimum value, which is why it adsorbs soluble organic compounds rapidly, then traps the colloidal particles and forms a polymeric compound (Ricordel & Djelal ) . As is obvious from Equation (1) bigger flocs cause the settling velocity to increase. Also at maximum aeration rate, by increasing the pH, the final COD showed a decline.
Optimum conditions
To find the optimum conditions, the independent variables (x 1 and x 3 ) in the software were selected within the given range. The desired goals for effluent COD and V s were defined as 'in range' and 'maximum', respectively, as effluent COD for all runs was set under 50 mg·L À1 , which is under the required standards for irrigation in Iran.
The optimum values for effluent COD (39.08 mg·L À1 ) and V s (8.312 cm·min À1 ) were found at the pH of 7, the current density of 34 mA·cm À2 and the aeration rate of 1.5 L·min À1 . The optimum conditions were validated using additional confirmation experiments and the effluent COD values of 41 mg·L À1 and V s of 8 cm·min À1 were obtained.
CONCLUSION
The aim of the present work was to investigate a combination of an oil water separation and EC technique as well as to demonstrate why this is considered an effective method for treatment of hydrocarbon contaminated groundwater. There were conclusions drawn from this study. Firstly, it was observed that by increasing the effective area of coalescing media, COD removal efficiency could increase. Also, it was understood that using an oil water separator as a primary treatment could help to remove oil as it is a valuable substance. In addition, the produced sludge in the EC process could be decreased. By using oil water separation as a pretreatment in this study, the load of pollutant could be reduce as well. So, a maximum COD removal efficiency after 5 min EC reaction time and 30 min sedimentation time was achieved in the EC process, which could reduce both the construction and operating costs. Adding polyelectrolyte caused the COD removal efficiency to increase as well as the SEEC to reduce. Furthermore, BBD was used, which could provide sufficient data to fit quadratic models for final COD and Vs. The optimum conditions for maximum settling velocity and the effluent COD lower than 50 mg L À1 were obtained at a pH level of 7, current density of 34 mA·cm À2 and an aeration rate of 1.5 L·min À1 .
